Arvicoline voles do not possess sophisticated mechanisms to tolerate prolonged fasting and can starve to death in less than 24 h. Two experiments were performed to determine if the common vole (Microtus arvalis) and the tundra vole (M. oeconomus) have thermoregulatory adaptations to enhance survival during food deprivation or in winter, and to reveal the possible presence of ultradian body temperature (T b ) rhythms. Laboratory-bred voles (n ¼ 5-6 for both species) were equipped with intra-abdominal data loggers that registered T b every 10 min and were subjected to 12-h fasting periods during photophase and scotophase. In addition, 10 animals of both species were placed in outdoor cages at natural ambient temperature (T a ) and their T b was registered at 3-h intervals between October and June. Fasted voles did not enter torpor, but the average 24-h T b decreased by 0.2-0.58C in winter, yielding modest energy savings. The decrease in the T b correlated with T a but not photoperiod and could, thus, be interpreted as a response to cold. Tundra voles displayed short T b rhythms of 3-8 h in the laboratory and their individual T b fluctuations were synchronized. Arvicolines are suggested as promising models to study T b rhythms in small mammals.
The costs of thermoregulation are substantial for small mammals with a low body mass (BM), high surface area-tovolume ratio, and high basal metabolic rate (BMR). Daily torpor is characterized by a controlled reduction of body temperature (T b ) from normothermic values below a specific threshold (Geiser 2004) , such as 30-318C (Hudson 1978; Schubert et al. 2010) . During torpor, metabolic rate can decrease to about 30% of BMR (Geiser 2004) , which provides significant energy savings in winter (Hudson 1978) . For example, the Siberian hamster (Phodopus sungorus) displays torpor bouts with a T b of 13-278C (Heldmaier and Ruf 1992) . Cold exposure advances its seasonal torpor under conditions of short photoperiod and the frequency of bouts increases with calorie restriction (Ruf et al. 1993) . The mouse (Mus musculus) also experiences daily torpor after fasting for overnight to 48 h at room temperature (Webb et al. 1982; Overton and Williams 2004) .
Arvicoline voles remain active year-round and have not been documented to use torpor (McNab 1992) . In response to shortening photoperiod and cold ambient temperature (T a ), several species of voles reduce their BM and fat reserves but increase thermal insulation and the thermogenic capacity of brown adipose tissue (Wang and Wang 1996; Li and Wang 2005; Wang et al. 2006 ). Arvicolines are not adapted to prolonged fasting and can perish after 6-26 h of food deprivation (Mosin 1982 (Mosin , 1984 Mustonen et al. 2008) . They utilize liver glycogen rapidly within 0-4 h of fasting, followed by stimulated lipid mobilization and liver lipidosis between 4 and 18 h ). In addition, plasma w w w . m a m m a l o g y . o r g 591 transaminase and creatine kinase activities increase at 12-18 h, indicating liver and skeletal muscle damage. Previous experiments on activity and feeding rhythms of voles have suggested a preponderance of ultradian over circadian oscillations (Gerkema et al. 1990; Halle 1995) . Although earlier studies have measured T b in some vole species, their seasonal, circadian, and ultradian T b rhythms and the responses of T b to fasting are mostly unknown. Gębczyński and Taylor (2004) documented the core T b of the root (tundra) vole (Microtus oeconomus; 38.58C) with no clear 24-h variation. The meadow vole (M. pennsylvanicus) displayed decreased rectal T b (T r ) after 24 h of fasting (37.88C 6 0.38C versus 34.68C 6 0.98C- Nagy and Pistole 1988) . The common vole (M. arvalis) reduced its subcutaneous T b (T sc ) by approximately 4% during cold acclimation from 248C to 128C (Ishii et al. 1996) , and the Cabrera vole (M. cabrerae) had lower T r (35.6-35.98C) when kept at 10-258C compared with the T r of 37.38C at 33.58C (Mathias et al. 2003) . The field vole (M. agrestis) had an average T r of 37.68C in both winter-(November) and summer-acclimatized (May) animals (McDevitt and Speakman 1996) .
The specific aims of the present study were to document core T b and its rhythmicity in 2 Microtus species; to determine T b responses of voles to repeated fasting of moderate duration and compare these data with T b patterns of mice and Siberian hamsters; and to supplement the laboratory experiments by assessing the T b rhythms of these vole species during winter acclimatization in seminatural conditions. Mice and hamsters were included as we wanted to compare the fasting response of voles with species known to be capable of torpor. On the basis of previous knowledge on ultradian activity and feeding rhythms of arvicolines (Daan and Slopsema 1978) and their lack of sophisticated adaptations to fasting , we hypothesized that voles would not display 24-h T b rhythms, unlike many mammals (Refinetti 1996) , nor respond to food deprivation by reduced T b , in contrast to rodents capable of torpor and many larger species (Overton and Williams 2004; Mustonen et al. 2007 ). Moreover, several northern mammals preserve energy by decreasing their T b in winter (Smith et al. 1991; Nieminen and Mustonen 2008) , and we hypothesized that voles would also experience reduced T b in response to winter acclimatization.
MATERIALS AND METHODS
Experimental protocols were reviewed and accepted by the Animal Care and Use Committee of the former University of Joensuu (University of Eastern Finland since 1 January 2010) and complied with the current laws of Finland, the European Union (EU) Directive 2010/63/EU, and American Society of Mammalogists guidelines (Sikes et al. 2011) . Experimental mice (NIH/S) and voles were from the laboratory colony of the University of Joensuu. (Niethammer and Krapp 1982) , whereas the tundra vole (BM male 49 g, female 37 g) is a holarctic species whose diet consists of sedges and grasses in summer and the underground storage organs of these plants in winter (Tast 1966 (Tast , 1982 . Siberian hamsters had been reared at the laboratory of the University of Oulu and transferred to the University of Joensuu. All 4 species were maintained in 14L:10D (lights on at 0800 h) at 208C 6 18C and housed singly in solid-bottomed plastic cages (42 3 22 3 15 cm) with wood shavings for bedding, free access to water, and a pelleted diet (Avelsfoder för råtta och mus R36; 18.5% protein, 4.0% fat, 55.7% carbohydrates, 1,260 kJ metabolizable energy 100 g À1 , Lactamin, Stockholm, Sweden). For experiment 1 (March-August 2005), 6 adult males of the 4 species were fitted with thermosensitive loggers (iButton Thermochron DS1921H, resolution 0.1258C, mass 3.1 g; Maxim Integrated Products, Sunnyvale, California). The accuracy and precision of the devices have been rigorously tested (Davidson et al. 2003; van Marken Lichtenbelt et al. 2006) , and similar loggers have been used in mammals of a small body size (Mzilikazi and Lovegrove 2005; Korhonen et al. 2008) . Loggers registered T b every 10 min, yielding approximately 1,860 data points per animal (1 iButton in a common vole malfunctioned and no data were retrieved). To implant the loggers, voles, mice, and hamsters were anaesthetized with intramuscular ketamine (50 mg kg À1 ). A 2-cm incision was cut on the skin, the peritoneum was opened, and a sterilized logger (not coated in wax) was inserted into the abdominal cavity (Mustonen et al. 2006 (Mustonen et al. , 2007 Nieminen and Mustonen 2008) . The peritoneum and skin were sutured using 5-0 resorbable thread.
All animals recovered quickly from the operation and, after a preprogrammed delay of 3 weeks, the loggers began collecting data. After an additional week, they were subjected to four 12-h periods of food deprivation, 2 periods between 0800 and 2000 h (photophase) and 2 periods between 2000 and 0800 h (late photophase and whole scotophase; Fig. 1 ), with water available ad libitum. The duration of the food deprivation period was considered to be safe on the basis of previous knowledge on the fasting response of the same vole strains . BM of the 4 species was measured at the onset and end of each food deprivation period to monitor the amount of weight loss. Finally, animals were euthanized with an overdose of diethyl ether, measured to determine BM, and loggers were removed. No corrosion, infiltration of body fluids into iButtons, or adverse effects on animals were observed.
For experiment 2, female common and tundra voles (n ¼ 10 for both species,X [age] ¼ 108 6 13 d) were measured for initial BM and fitted with iButton data loggers in the manner described above between 29 and 30 August 2006. Loggers were programmed to initiate data collection on 13 October at 0000 h at the sampling frequency of 3 h, yielding 2,048 data points until 24 June 2007. On 6 September 2006, voles were transferred to outdoor cages (1.2 3 1.2 3 0.8 m; 1 cage for each species) at the Botanical Garden of the University of Joensuu (62836.1 0 N, 29843.4 0 E). The cages contained soil and turf
(thickness approximately 50 cm) and suitable hiding places were embedded within the soil. Three thermosensitive loggers (iButton Thermochron DS1921G, resolution 0.58C) registered the T a (logger in shade at the top of the cage), the temperature under the snow cover (T sn ), and in the soil layer (T so ). The T a was natural but the effects of wind and direct rain-or snowfall were reduced by covering the top of the cages. Animals were fed ad libitum with the commercial chow described above supplemented with hay, oat, peanuts, carrots, apples, and potatoes and given water/ice and snow ad libitum. They were fed and the cages were checked at least 3 times a week during the experiment (6 September 2006-30 July 2007). The experimental period was less than 1 year to enable T b recordings at a frequency (3 h) compatible with spectral analyses detecting T b patterns ! 6 h (Nyquist 1928) , while accommodating the maximum number of data points per logger. During July 2007, voles were recovered from the cages with livetrapping, measured to determine BM, euthanized with diethyl ether, and the loggers removed. A total of 7 loggers of common voles and 6 of tundra voles were recovered, as some voles had escaped. Extensive digging of tunnels and hoarding of pellets and grain were observed in the cage of each species. Differences in the BM in the time series were compared with the paired t-test using the SPSS-program v. 17.0 (SPSS Inc, Chicago, Illinois). The average T b values of each individual and the average T b of a species before the food deprivation periods (experiment 1) were compared with the average T b during food deprivation with the Student's t-test for independent samples. The daytime values during ad libitum feeding were compared with the daytime fasting values and the nighttime values were analyzed similarly. The limit for torpor was set at T b , 318C (Hudson 1978) . In all 4 species, the T b values measured during, immediately before, and after the BM measurements were excluded from the mean, maximum, minimum, and range calculations and the statistical analyses due to hyperthermia caused by the handling of animals (Andrews 1983) . Also, the average 24-h T b , T a , T sn , and T so were calculated (experiment 2) and the T b maximum, minimum, and related data were compared between species and between time periods with T a . 08C or , 08C (frosty period) with the Student's t-test for independent samples. Relative changes in thermoregulatory costs caused by reductions or increases in T b during fasting (experiment 1) or the cold season (experiment 2) were calculated with formulae modified from Nieminen and Mustonen (2008) as follows:
Amplitude spectra of T b data for the periods of ad libitum feeding (experiment 1) and different T a (experiment 2) were calculated, after subtracting the mean, with the fast Fourier transform using the Blackman window (AutoSignal v. 1.5, Systat Software Inc, Chicago, Illinois). Correlations were tested with the Spearman correlation coefficient (r s ). Partial correlations were calculated for the interactions between T b and photoperiod and between T b and T a /T sn /T so to exclude the effects of T a and photoperiod from the analyses, respectively. Interindividual synchronization of T b oscillations was examined by calculating crosscorrelations of T b in the time series between tundra vole and common vole individuals. Differences with P , 0.05 were considered to be statistically significant. Results are presented as mean 6 SE.
RESULTS
Mean BM of all animals decreased during fasting (mouse À0.6 6 0.03, hamster À0.4 6 0.04, common vole À0.4 6 0.05, tundra vole À0.3 6 0.04% BM h À1 ; paired t-test, jtj ¼ 2.678-7.294, P , 0.001-0.05), whereas BM increased slightly for all species during experiment 1. The rate of BM loss did not differ between daytime and nighttime fasting periods. The average T b of both vole species were generally higher than those of the other species ( Fig. 1; Table 1 ) and the minimum individual T b values for voles (36.1-36.58C in experiment 1; 33.4-34.18C in experiment 2) did not approach the limit for torpor (Tables 1 and 2 ) and, in fact, only mice displayed T b , 318C. Common voles of experiment 2 displayed 13 T b values , 358C, tundra voles 5 data points , 348C and 66 points , 358C. Capture and handling of experimental animals for BM measurements in experiment 1 caused rapid increases in their T b values, which were recorded as T b peaks immediately before and after each fasting period (Fig. 1) . These increases were the most pronounced in common voles. In fed animals of experiment 1, mice and hamsters displayed T b patterns with significantly higher average T b during scotophase than photophase (t-test, jtj ¼ 3.251-4.009, P , 0.01), whereas in both vole species no clear differences in the T b between day and night were detected ( Fig. 1; Table 1 ). In the spectral analysis, T b of mice and hamsters displayed 24-h and, especially in mice, 12-h oscillations, but these were mostly weaker in both vole species (Fig. 2) . Tundra voles exhibited ultradian rhythmicity of several frequencies, such as 8-, 6-, 4.5-, 4-, 3.5-, and 3-h oscillations that were roughly equal in magnitude to the 24-and 12-h periods with no major changes in the spectra between feeding and fasting (experiment 1) or between time periods with T a . 08C or , 08C (experiment 2). The cross-correlation analysis revealed that the T b oscillations were clearly in phase between tundra vole individuals (Fig. 3) . Each cross-correlogram between vole pairs is based on TABLE 1.-Body temperatures (T b ) of fed and food-deprived rodents (n ¼ 5-6) and estimated thermoregulatory savings (þ) or costs (À) due to T b differences between feeding and food deprivation. Values are means 6 SE unless indicated otherwise. Significant differences in the T b between the fed and fasted periods during daytime or nighttime are depicted as superscripts; the same letter indicates significant differences between the values within a species. Min ¼ minimum, max ¼ maximum. -Average (24-h), minimum (min), and maximum (max) body temperature (T b ) values and absolute min and max T b of common (n ¼ 7) and tundra voles (n ¼ 6) of the field study at natural ambient temperatures (T a ) . 08C or , 08C. Values are means 6 SE unless indicated otherwise. approximately 700 data points. With this sample size, the 0.01% significance level is reached at an r-value of 0.1. Most of the values in the graph are thus significant, because of the underlying 24-h correlations. However, superimposed on this, well-correlated short-term fluctuations between vole pairs can be seen in the tundra vole but not in the common vole, which displayed weak 24-h and 12-h rhythms in the spectral analysis with no clear differences between experimental procedures (experiment 1) or time periods with T a . 08C or , 08C (experiment 2). Fasting during photophase and scotophase caused clear reductions in average T b of mice and hamsters (t-test, jtj ¼ 2.361-11.217, P , 0.001-0.05; Table 1; Fig. 1 ). Minimum individual T b values for mice were approximately 30-328C and attained 5.5-7 h after the onset of nighttime fasting. For hamsters, T b values between 33.58C and 348C were observed in some individuals 5-12 h after the start of the fasting periods during scotophase. The calculated thermoregulatory savings were approximately 6% (mice) and 2% (hamsters) during daytime food deprivation and slightly more for fasting during scotophase (7% and 3%, respectively). The degree of energy conservation did not differ between nighttime and daytime food deprivation, and the T b range increased during fasting. Tundra voles did not show reductions in their T b or changes in the T b range during food deprivation, but for common voles average T b decreased by 0.18C during daytime fasting and the T b range increased due to fasting during photophase and scotophase (t-test, jtj ¼ 2.140-3.999, P , 0.001-0.05). The average T b of both vole species were significantly higher during nighttime food deprivation than during ad libitum nighttime feeding (t-test, jtj ¼ 3.820-8.010, P , 0.001). Except for the 0.6% thermoregulatory savings of common voles during daytime fasting, voles mostly displayed minor increases in the   FIG. 2. -Body temperature (T b ) amplitude spectra of experimental animals calculated from the T b data during the initial study period of ad libitum feeding (means of 5-6 spectra from each species 6 SE). Note that the scales of the y-axes differ between panels. calculated thermoregulatory costs, especially during nighttime food deprivation.
In experiment 2, BM of voles increased significantly during the study period (from 16.9 6 0.7 to 35.3 6 2.1 g in common voles and from 21.4 6 1.8 to 60.9 6 2.3 g in tundra voles; paired t-test, jtj ¼ 11.547-69.646, P , 0.001). All animals had lower average 24-h T b during the frosty period (T a , 08C) than during the periods of T a . 08C (t-test, jtj ¼ 13.094-18.355, P , 0.001; Table 2 ; Fig. 4) , and the average 24-h T b correlated significantly with T a (common voles: r s ¼ 0.472-0.611, tundra voles: r s ¼ 0.633-0.759, P , 0.001), T sn (common voles: r s ¼ 0.407-0.632, tundra voles: r s ¼ 0.462-0.709, P , 0.001), and T so (common voles: r s ¼ 0.357-0.585, tundra voles: r s ¼ 0.435-0.609, P , 0.001) for all animals. Day length also was positively correlated with the 24-h T b of voles, but when partial correlations were calculated controlling for T a , the effect became nonsignificant for most animals. In contrast, the correlations between T b and T a /T sn /T so remained highly significant after controlling for photoperiod. The average 24-h T b range was larger in winter-acclimatized voles and correlated negatively with T a (common voles: r s ¼ À0.350, tundra voles: r s ¼ À0.406, P , 0.01). In the spectral analysis, common and tundra voles both displayed 24-, 12-, and 8-h oscillations, which had higher values in tundra voles but did not change significantly in winter (data not shown). Because data were collected less frequently in experiment 2 (3 h compared with 10 min), shorter rhythms like those studied in experiment 1 could not be analyzed. The average thermoregulatory savings caused by the observed decrease in the average 24-h T b in winter were calculated to be 0.4 (at T a ), 0.5 (T sn ), and 0.6% (T so ) for common voles and 1.1 (T a ), 1.3 (T sn ), and 1.4% (T so ) for tundra voles (t-test, jtj ¼ 5.277-5.278, P , 0.01 between species).
DISCUSSION
In contrast to earlier studies, the high frequency of T b recordings and avoidance of stress-inducing T r measurements enabled us to detect ultradian T b rhythms in tundra voles in experiment 1. Although fasting did not reduce T b , hypothermic responses to winter acclimatization were detected in experiment 2. Average T b of voles were higher than those of mice or Siberian hamsters, but not very different from vole species studied previously (Nagy and Pistole 1988; Ishii et al. 1996; McDevitt and Speakman 1996; Mathias et al. 2003; Wang et al. 2006 ). The higher average T b of voles compared with mice and hamsters could be related to their slightly higher metabolic rate (Hudson and Scott 1979; Heldmaier and Ruf 1992; McDevitt and Speakman 1996; Wang et al. 1999) .
In contrast to mice and hamsters, T b of voles did not decrease consistently in response to food deprivation. If voles had been capable of torpor, we probably would have observed it because some mice exhibited T b values , 31-328C after only 5.5-7 h of fasting, with T b patterns resembling those obtained by Schubert et al. (2010) in response to high foraging costs. Because the response to fasting is rapid in voles and no physiological mechanisms to ensure prolonged survival seem to be present (Mosin 1982; Mustonen et al. 2008 ), a reduction in T b or torpor could be beneficial. In contrast, their average T b were slightly elevated during nighttime food deprivation. Although the calculated thermoregulatory costs could be considered negligible, even a small increase in energy expenditure might be hazardous during food deprivation. Perhaps a longer fasting period could have been required to induce hypothermia, but this would have been ethically questionable, as voles can starve to death within 6-26 h (Mosin 1982 (Mosin , 1984 . In a previous study by Nagy and Pistole (1988) , meadow voles displayed reduced T r as a response to 24-h food deprivation, but their data did not reveal if decreased T r were a form of energy preservation or a pathological premortem effect. Yet the voles in our study are not the only species that fail to display hypothermia, as the same result was observed in some other northern mammals (Mustonen et al. 2006; Nieminen and Mustonen 2008) .
Because voles seemed to have no thermoregulatory adaptations of energy conservation, their survival during food shortage must rely on other strategies. Increased foraging (Nieminen and Mustonen 2004; Mustonen et al. 2008 ) could hypothetically explain our data, although this is mostly in contradiction to the results of Gerkema and van der Leest (1991) for common voles. Food deprivation can trigger an increase in activity of the least weasel (Mustela nivalis-Price 1971). It is a year-round active predator and, similar to voles, experiences significant thermoregulatory challenges while requiring a continuous food supply. Unfortunately, the activity scores of our voles could not be measured and, thus, this hypothesis remains to be confirmed. Fasting-induced foraging responses could be one possible explanation to the slightly increased nocturnal T b .
In general, rodents display clear 24-h rhythms in T b with acrophase during the day in diurnal species and during the night in nocturnal species (Refinetti 1996 (Refinetti , 1999 . The average nighttime T b values were approximately 0.18C higher than the daytime T b in both vole species. Yet the T b spectra of tundra voles had multiple T b rhythmicities of a shorter duration. Another species with similarities to tundra voles could be the Norwegian lemming (Lemmus lemmus), which displays 4 periods of maximum T b during the 24-h cycle (Haim et al. 2004 ). Feeding and activity rhythms of voles have been investigated extensively using different techniques (Daan and Slopsema 1978; Gerkema et al. 1990; Halle 1995; van der Veen et al. 2006) . The vole species studied display approximately 10 activity periods within the 24-h cycle (Erkinaro 1969; Lehmann and Sommersberg 1980; Tast 1982) , and Halle (1995) observed ultradian locomotor activity rhythms (3, 3.5, and 4 h) in tundra voles that coincide well with our T b data. In contrast, the 2-h ultradian activity and feeding rhythm of common voles (Daan and Slopsema 1978) was not evident in experiment 1. However, it is also possible that the relatively large size of the data logger we used could have affected feeding behavior and ultradian rhythms in T b of the smaller common vole.
Although Gębczyński and Taylor (2004) did not observe interindividual synchronization in T b of tundra voles, crosscorrelations in our experiment 1 indicated quite accurate phasing of T b rhythms. Korslund (2006) reported synchronous activity rhythms of tundra voles under snow that were not entrained by daylight but by social interaction. Synchronization of activity rhythms could have survival value, as the risk of being killed by predators could be lower if active periods are in phase with the majority of the population (Daan and Slopsema 1978) . It may also be adaptive in territory defense and lead to thermoregulatory advantages due to huddling (Korslund 2006) . Synchronization was not observed in common voles, which may have been partly due to weakly expressed ultradian rhythms compared with tundra voles.
Wintertime increases in T b range were previously observed in several northern mammals (Smith et al. 1991; Mustonen et al. 2007; Nieminen and Mustonen 2008) . Both vole species also exhibited increased T b ranges but decreased T b , especially the 24-h minimum during winter, and there were significant correlations between the T b and environmental temperatures. This was more pronounced in tundra voles, which might reflect their more northern distribution. Tundra voles also exhibit lower resting metabolic rate in winter (Wang and Wang 1996) , which supports the results of experiment 2. Although photoperiod is involved in the regulation of nonshivering thermogenesis and activity of the vole species examined (Erkinaro 1969; Wang et al. 1999) , the effects of day length on T b seemed to be minor in our study. On the basis of these data, and combined with results of Ishii et al. (1996) and Mathias et al. (2003) , we hypothesize that the decreased T b would be principally a result of cold exposure. Although the results of experiment 1 showed that no torpor was present in fasting voles, experiment 2 provided evidence that these species have the potential to reduce their T b to 33-348C in response to low T a . As the average reduction in T b was quite small (0.2-0.58C), both vole species seem to be relatively resistant to environmental cold in seminatural conditions. It must be emphasized that we used not only captive animals, but those bred in a captive colony, and this may have led to smaller fluctuations in T b compared with wild voles.
Methodological differences between our experiments and previous studies make comparison of some results difficult. Ishii et al. (1996) measured a 4% decrease in the T sc of common voles during cold exposure, however, at milder conditions than in our study. McDevitt and Speakman (1996) noticed no seasonal changes in T r of field voles in a nonstimulated state. Wang and Wang (1996) also found no differences in T r of tundra voles between seasons. This could be partly caused by the small number of rectal measurements or by the handling of voles, causing stress-induced hyperthermia (Andrews 1983) . Compared with our voles, similar or slightly higher wintertime reductions in T b were recorded previously for the mountain hare Lepus timidus (0.48C- Nieminen and Mustonen 2008) and Canadian beaver Castor canadensis (1.08C- Smith et al. 1991) . Although the degree of energy preservation of voles (0.4-1.4%) may seem negligible, these savings can present an advantage to overcome the seasonal energetic bottleneck. Additional energy preservation can be derived from nest building (experiment 2) and social thermoregulation (Wang and Wang 1996) .
The lack of physiological adaptations to overcome prolonged fasting may contribute to the susceptibility of voles to great fluctuations in their population densities. Vole numbers can decline in winter as a result of mortality caused by food shortage (Huitu et al. 2007 ). The principal food items that are readily available are low in calories, and deposition of body energy reserves is not very cost effective (Nagy and Pistole 1988; Miernikiewicz et al. 1996) . As a consequence, voles consume food every few hours (Daan and Slopsema 1978) , which is not dissimilar to their activity patterns (Erkinaro 1969) and the ultradian T b rhythms of tundra voles we observed in experiment 1. It was suggested that high BMR may have evolved as a response to the low-quality, herbivorous diet (Sadowska et al. 2009 ). Food sources of voles are usually quite reliable and this could allow them to have high production rates (Sibly and Brown 2007) . Presumably the active foraging strategy offers a better possibility of survival through food scarcity. Still, it remains enigmatic why some rodent species of equal BM have adopted the wintering strategy of frequent food consumption while some others are capable of effective energy preservation by utilizing daily torpor. To investigate this, voles offer an attractive model to study ultradian rhythms by examining their T b and activity patterns.
